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I . INTRODUCTION 

Two  basic  types  of  localized  impact  damage  have  been  observed  in  brittle 
materials  at  low  impact  velocities.  Blunt  objects,  such  as  relatively  large 
diameter  spheres,  cause  formation  of  Hertz  cone  cracks.  Smaller  spheres  and 
sharp  particles  (abrasive  grain)  indent  the  surfaces  forming  radial  and  lateral 
vent  cracks.  At  high  velocities  both  sharp  and  blunt  objects  cause  crushing 
and  the  fracture  patterns  become  very  complex. 

Evans ^ showed  that,  for  static  contact  stresses,  the  transition  from 
Hertz  crack  damage  to  radial  crack  formation,  observed  in  materials  with 
decreasing  brittleness,  results  from  a decrease  in  the  radial  tensile  stress 
(a^)  and  a change  in  sign  of  the  tangential  stress  (o^)  from  compressive  to 
tensile.  It  is  desirable  to  extend  these  observations  to  include  localized 
impact  damage,  but  it  is  difficult  to  obtain  a suitable  series  of  materials 
with  a range  of  brittleness.  To  avoid  this  problem  it  was  decided  to  investi- 
gate localized  impact  damage  in  a viscous  medium;  that  is,  glass  at  elevated 
temperatures.  This  decision  permits  continuous  variation  of  the  tendency  to 
deform  under  load. 

The  mechanical  properties  of  viscous  media  differ  from  those  of  plastic 
media  mainly  because  of  the  absence  of  a yield  point.  Care  must  be  used  in 
the  application  of  concepts  such  as  hardness  to  viscous  materials. 

The  next  section  describes  a detailed  investigation  of  localized 
impact  damage  in  soda-lime  glass  at  room  temperature.  This  investigation 
was  used  to  develop  techniques  for  the  later  high  temperature  work  and  to 
obtain  base-line  data  for  the  material  in  a brittle  condition  (high  viscosity) . 
The  following  section  describes  localized  impact  damage  in  glass  at  elevated 
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temperatures.  Two  additional  Investigations  are  reported  in  the  Appendices. 
Appendix  A describes  variations  in  localized  Impact  damage  in  specimens 
subjected  to  nominally  similar  Impacts.  Appendix  B describes  crack  branching 
at  Hertz  cracks  and  includes  estimates  of  the  stresses  at  which  the  Hertz 
cracks  formed  based  on  the  radii  at  crack  branching. 


II.  LOCALIZED  IMPACT  DAMAGE  IN  GLASS  AT  ROOM  TEMPERATURE 
A.  Procedures 

PPG  float  glass  plates  (1/4  x 1-1/4  x 1-1/4  in)  were  abraded  on  the 
side  opposite  that  formed  in  contact  with  the  tin  by  dropping  -80  +150  mesh 
SiC  grain  from  a height  of  one  meter.  The  plates  were  firmly  supported  by 

a steel  block  and  impacted  by  glass  spheres,  3 mm  diameter,  at  velocities 

-1  (2) 
ranging  up  to  138  ms  , as  described  in  a previous  report  . The  incoming 

and  rebounding  velocities  of  the  spheres  were  measured  by  high  speed 
photography  (Figure  1).  An  electronic  stroboscope  (General  Radio  No.  1538-A) , 
flashing  at  rates  up  to  150,000  times  per  minute  was  used  to  obtain  multiple 
images  on  Polaroid  film.  To  improve  the  reflectivity  of  the  glass  spheres, 
they  were  coated  with  a thin  layer  of  aluminum  by  vacuum  deposition. 

The  glass  plates  were  coated  with  a thin  layer  of  soot.  The  impres- 
sion, formed  in  the  soot  by  the  impact,  was  used  to  locate  the  impact  site 

and  to  measure  the  contact  radius  (a  ) . Hertz  cracks  were  observed  at  most 

max 

of  the  impact  sites.  The  symbols  used  to  describe  these  cracks  are  indicated 
in  Figure  2.  The  soot  was  removed  and  the  Hertz  crack  radius  and  the  radii 
of  radial  cracks,  if  present,  were  measured  in  the  underlying  surface.  Then, 
the  specimens  were  cut  through  the  center  of  the  impact  site  and  the  cone 


Figure  I Multiple  Images  of  Imcoming  and  Rebounding  Spheres 
Obtained  by  High  Speed  Photography  ( I X ) 


Figure  2 Hertz  Crack 
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angle  (a)  and  Hertz  crack  depth  (L)  were  measured  on  the  cut  surface  or  by 
focusing  a microscope  into  the  specimen  from  the  cut  surface. 

B.  Results  and  Discussion 

1.  Localized  impact  damage 

At  impact  velocities  up  to  28  ms  ^ (nine  specimens) , no  localized 

impact  damage  was  observed.  At  30.6  ms  ^ and  above  Hertz  cracks  were 

formed  in  almost  all  cases.  Hertz  cracks  and  other  types  of  localized 

(2) 

impact  damage  were  described  previously  . The  threshold  for  radial  crack 

formation  was  about  56.1  ms  Crushing  of  the  surface  was  observed  at 

125.8  ms  ^ and  at  higher  velocities.  These  results  are  reasonably  consistent 

(2) 

with  those  reported  earlier 

2.  Coefficient  of  restitution  and  kinetic  energy 

The  coefficient  of  restitution  of  impacting  bodies  is  a measure  of 
the  elastic  efficiency  of  the  impact  process.  For  impacts  against  rigid 
targets,  the  coefficient  of  restitution  is  simply  the  ratio  of  the  rebounding 
velocity  to  the  incoming  velocity  (Figure  3) . It  is  evident  from  these 
results  that  the  efficiency  of  the  impact  process  decreases  with  increasing 
Impact  velocity,  but  at  a slow  rate.  In  a few  cases  at  velocities  over 
120  ms  \ the  glass  spheres  fractured  on  impact  and  low  values  of  coefficient 
oi  restitution  were  observed.  In  these  cases,  the  rebound  velocities  were 
measured  on  only  one  piece  of  the  sphere.  Other  pieces  may  have  rebounded 
at  other  velocities. 

The  masses  and  velocities  were  used  to  calculate  the  kinetic  energies 
of  the  Incoming  and  rebounding  spheres  which  are  compared  in  Figure  4.  The 
results  for  fractured  spheres  are  omitted  from  this  figure.  The  difference 


CQcoN(Oin^iO(\i 
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Impact  Velocity-ms”1 

Figure  3 Coefficient  of  Restitution  vs.  Impact  Velocity  for 
Impacts  at  Room  Temperature 
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between  these  curves  is  the  kinetic  energy  loss  which  may  consist  of  several 
components  including  stress  wave  energy,  elastic  deflection  energy  of  the 
target,  and  the  fracture  surface  energy  required  to  form  cracks.  It  is 
of  obvious  interest  to  relate  the  energy  losses  to  the  impact  damage. 

Losses  such  as  stress  wave  energy  and  target  deflection  energy  might 
be  expected  to  be  proportional  to  the  kinetic  energy  of  the  incoming  spheres. 
Therefore,  the  kinetic  energy  loss  was  plotted  vs.  the  velocity  squared 
as  shown  in  Figure  5.  The  resulting  curve  diverges  from  a straight  line,  at 
least  at  the  higher  velocities  indicating  that,  in  the  higher 
velocity  range,  the  losses  increase  at  greater  than  a linear  rate.  The 
losses  are  11-16%  of  the  incoming  kinetic  energy  at  low  impact  velocities 
and  increase  to  20-22%  at  the  highest  velocities.  The  weight  of  the  evidence 
suggests  that,  at  low  impact  velocities,  the  losses  due  to  stress  waves  and 
target  deflection  increase  linearly  with  incoming  kinetic  energy.  At  higher 
velocities  another  factor  contributes  to  the  loss.  This  factor  may  be 
indentation  or  a factor  coinciding  with  indentation  such  as  radial  crack 
formation.  A second  possibility  is  that  the  onset  of  the  higher  percentage 
of  losses  coincides  with  the  onset  of  extensive  branching  of  the  ring  crack 
which  begins  to  occur  at  impact  velocities  under  60  ms  ^ (Appendix  B) . 

The  presence  of  two  high  values  of  kinetic  energy  loss  in  the  threshold 
or  transition  region  of  the  curve  raises  the  question  whether  there  is  an 
additional  mechanism  or  mechanisms  of  loss  in  this  region.  Sufficient  data 
are  not  available  to  resolve  this  question. 

3.  Contact  time 

The  contact  time  was  measured  by  high  speed  photography  in  a separate 


series  of  experiments.  The  incoming  and  rebounding  velocities  were  determined 


Kinetic  Energy  Loss-J  Fractional  Energy  Loss 


8 


Velocity  - ms-1 


Figure  5 Kinetic  Energy  Loss  vs.  Impact  Velocity  Squared 
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from  the  multiple  images,  as  before.  Then,  the  times  required  for  the 
sphere  to  traverse  the  distance  from  the  last  incoming  image  to  the  surface 
and  from  the  surface  to  the  first  outgoing  image  were  calculated  from  the 
respective  velocities  and  the  measured  distances.  The  sum  of  these  two 
times  was  subtracted  from  400  ps  (the  time  between  flashes)  to  determine 
the  contact  time. 

The  results  of  these  measurements  are  given  in  Figure  6.  Results 
at  the  lowest  velocities  have  been  omitted  because  of  uncertainties  in  the 
values.  When  the  contact  time  is  long  there  is  a substantial  probability 
that  flashes  will  occur  while  the  sphere  is  in  contact  with  the  surface. 
Also,  the  spacings  become  small  relative  to  the  size  of  the  spot  reflected 
from  the  sphere  so  that  the  errors  involved  in  locating  the  sphere  can  be 
a substantial  fraction  of  the  distance  traversed. 

The  contact  times  were  larger  at  low  velocities  than  expected  based 

(3) 

on  calculations  using  the  equations  of  Timoshenko  and  Goodier  . Similar 
deviations  from  the  theory  have  been  observed  for  steel  spheres  impacting 

(4) 

relatively  thin  steel  plates 

4.  Contact  radius  and  impact  force 

The  Hertz  theory  provides  a means  to  calculate  the  contact  radius 
using  the  following  equation^ 


4QPR 


3E, 


a 


1/3 


(1) 


Contact  Time-^s 
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in  which  Q is  a factor  involving  the  elastic  properties  of  the  sphere  and 
* 

target  and  is  the  Young's  modulus  of  the  target  material.  The  maximum 

contact  radius  (amax)  can  be  calculated  by  substituting  the  maximum  impact 

force  (P  ) in  the  above  equation.  P can  be  calculated  from  the  Hertz 
max  max 

u W (5) 

theory  using 


P 

max 


1.52  IT 


w6  3 
ttV  p 


|l/5 


(kx  + k2)‘ 


(2) 


in  which  V and  p are  the  velocity  and  density  of  the  sphere  and  k^  and  k2 

are  constants  related  to  the  elastic  properties  of  the  target  and  sphere 

respectively.  Values  of  P were  calculated  and  substituted  in  (1)  to 

max 

calculate  values  of  a which  are  indicated  by  the  solid  line  in 

max 

Figure  7.  These  theoretical  values  were  compared  with  the  experimental 
values,  revealing  some  variations  from  the  theoretical  values.  At  low 
velocities,  the  measured  and  calculated  contact  radii  nearly  coincide.  At 
velocities  in  the  range  35-60  ms  ^ the  measured  contact  radii  fall  above  the 
curve  but,  looking  at  the  data  as  a whole,  this  appears  to  result  from 
flattening  of  the  experimental  curve  in  the  velocity  range  35-80  ms  At 
higher  velocities  the  measured  values  appear  to  be  increasing  at  a rate 
greater  that  that  of  the  theoretical  curve  perhaps  because  formation  of  radial 
cracks  and  crushing  permits  a greater  radius  of  contact. 


* 

Q 


9 /,  2. 

16  (1‘V1) 


+ (l-v2) 


in  which  v is  Poisson's  ratio,  E is  Young’s  modulus 
of  elasticity  and  the  subscripts  1 and  2 refer  to 
the  target  and  sphere,  respectively. 


0. 


Figure  7 Contac 


Impact  Velocity -ms”1 

Radius  (amax)  vs.  Impact  Velocity  (V) 
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Values  of  Pmax  were  estimated  by  substituting  the  measured  values  of 

a in  Equation  (1) . These  results  are  compared  with  theoretical  values 
max 

calculated  using  Equation  (z),  in  Figure  8,  The  differences  are  similar  to 
those  in  the  previous  figure  The  Inflection  in  the  experimental  data  at 
velocities  above  40  ms  ^ coincides  approximately  with  indentation  of  the 
surface,  the  onset  of  radial  cracking  and  substantial  branching  of  the  ring 
crack,  and  may  have  been  caused  by  one  or  more  of  these  factors. 

5.  Hertz  cone  lengths 

Dimensionless  load  parameters^  were  calculated  using  values  of  P 

max 

calculated  from  some  of  the  measured  values  of  ama>.  using  Equation  (1) . The 

dimensionless  load  parameters  and  the  measured  values  of  a were  used  to 

max 

estimate  the  Hertz  cone  lengths  (c)  in  the  four  cases  in  which  sufficient 
data  were  available,  using  Figure  2 of  the  refererce.  The  resulting  values 
of  C were  2-14  times  the  measured  values.  Strictly  speaking,  the  theory 
does  not  apply  in  the  present  cases  because  amax  is  greater  than  r*  in  every 
case  except  one  in  which  a piece  of  debris  on  the  glass  surface  was  contacted 
by  the  sphere  which  induced  the  Hertz  crack  at  much  greater  r*  than  would 
normally  be  expected.  However,  continued  increase  in  the  load  after  crack 
formation  might  be  expected  to  drive  the  crack  deeper  into  the  specimen  than 
expected  for  cases  in  which  a < r*.  This  appears  not  to  be  the  case.  Part 
of  the  problem  may  be  that  there  is  insufficient  time  for  the  crack  to 
propagate  to  the  full  extent  expected  at  a particular  load. 
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Figure  8 Maximum  Impact  Force  vs.  Impact  Velocity 
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III-  LOCALIZED  IMPACT  DAMAGE  IN  GLASS  AT  ELEVATED  TEMPERATURES 

A.  Procedures 

Electric  heaters  were  used  to  heat  the  glass  plates  to  temperatures 
as  high  as  770°C  The  arrangement  of  the  heaters  is  illustrated  in  Figure  9, 
The  temperatures  at  both  faces  of  the  glass  plates  were  measured  by  the 
thermocouples-  The  voltages  on  the  heaters  were  adjusted  until  the  tempera- 
tures of  both  faces  were  equal.  This  condition  was  held  for.  two  minutes 
Then,  the  heater  on  the  front  surface  was  removed  and  the  gun  was  fired  so 
that  the  specimen  was  impacted  before  substantial  cooling  could  occur.  The 
incoming  and  rebounding  velocities  were  measured  by  high  speed  photography. 

The  impact  damage  was  characterized  by  optical  and  scanning  electron 
microscopy  and  by  profilometry . Contact  radii,  indentation  radii,  radii  of 
radial  cracks,  and  coefficients  of  restitution  were  determined.  These 
characteristics  of  the  surface  damage  were  compared  with  those  observed  at 
room  temperature. 

B.  Results  and  Discussion 

1.  Localized  impact  damage 

After  preliminary  experiments  in  which  indentations  were  observed  at 
about  600®C,  conditions  were  chosen  for  subsequent  tests.  One  objective 
was  to  impact  specimens  having  various  viscosities  (n) • In  the  following 
discussion,  the  results  are  presented  in  terms  of  temperature.  To  estimate 
the  corresponding  viscosities,  a viscosity  vs  temperature  curve  was 
constructed  for  the  float  glass  by  drawing  a curve  through  one  float  glass 
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data  point  parallel  to  a viscosity  vs  temperature  curve  for  another  soda- 

* 

lime  glass  . The  results  are  given  in  Figure  10 

Specimens  were  impacted  at  various  temperatures  and  velocities.  In 
general,  the  extent  of  damage  increased  with  increasing  impact  velocity  as 
expected.  Among  the  features  observed  were  indentations,  Hertz  cracks, 
radial  cracks,  lateral  vent  cracks,  and  crushing  A schematic  diagram  of 
the  variations  in  damage  characteristics  with  temperature  and  velocity 
is  given  in  Figure  11.  The  persistence  of  Hertz  cracks  at  high  temperatures 
was  unexpected.  Previous  results^,  based  mainly  on  static  indentation, 
led  to  the  expectation  of  a transition  from  Hertz  crack  damage  to  inden- 
tation damage  with  increasing  plasticity  or  decreasing  viscosity.  Another 
important  observation  is  the  decrease  and  eventual  cessation  of  crushing 
with  increasing  temperature  at  high  velocities. 

The  variation  of  the  coefficient  of  restitution  with  both  velocity 
and  temperature  is  indicated  for  five  different  temperatures  in  Figure  12, 

It  is  evident  that  a change  in  physical  response  occurs  in  the  temperature 
range  between  525  and  650°C.  At  the  lower  temperatures  the  coefficient 
of  restitution  decreases  at  high  velocities  apparently  because  of  extensive 
crushing.  At  higher  temperatures  the  coefficient  of  restitution  is  never 
high  because  of  indentation  losses.  However,  the  decrease  at  higher  veloci- 
ties is  less  than  that  of  the  lower  temperature  specimens  apparently  because 
there  is  substantially  less  crushing 

2.  Determination  of  the  indentation  temperature  at  50  ms  ^ 

The  impact  damage  for  specimens  impacted  at  about  50  ms  ^ and  at  various 
temperatures  is  illustrated  in  Figures  13  a-1.  The  photographs  were  taken 
with  inclined  illumination  so  that  when  the  surface  is  indented  the  light 

Kimble  R-6. 
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Figure  10  Estimated  Log  Viscosity  vs.  Temperature 
Curve  for  Float  Glass 
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at  Various  Temperatures  and  Velocities 
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Is  reflected  from  the  near  side  (relative  to  the  observer)  and  the  far 
side  appears  dark.  There  is  no  definite  evidence  of  indentation  at 
temperatures  up  to  about  525°C  but  above  this  temperature  indentation 
occurred,  the  degree  of  indentation  increasing  with  temperature 

The  tendency  toward  radial  crack  formation  increases  with  increasing 
indentation.  The  damage  observed  at  620  and  650SC  is  similar  to  that  at 
SSO'X  except  for  greater  Indentation.  At  683:C  there  are  five  cracks 
extending  radially  from  the  indentation  Two  of  these  cracks  are  indi- 
cated by  the  dark  "shadows"  extending  more  or  less  horizontally  from 
the  Indentation.  The  cracks  do  not  extend  to  the  surface  and,  in  fact, 
they  are  contained  within  the  cone  crack.  It  seems  likely  that  these 
cracks  are  median  vent  cracks  as  described  by  Lawn  and  Wilshaw^  There- 
fore, further  indentation  should  be  expected  to  extend  these  cracks  to  the 
surface  to  form  radial  cracks  as  shown  at  700  and  720°C  (these  specimens 
were  coated  with  a thin  layer  of  gold,  obscuring  subsurface  features)  It 
should  be  noted  that  these  cracks  at  683°C  are  the  only  median  vent  cracks 
observed  in  this  investigation. 

The  coefficients  of  restitution  of  these  specimens,  at  various 
temperatures,  are  plotted  in  Figure  14  There  is  an  apparent  discontinuity 
in  the  coefficient  of  restitution  in  the  temperature  range  at  which  the  inden- 
tations first  occur.  The  kinetic  energy  of  the  incoming  sphere  is  about 
0.041  J.  At  lower  temperatures  the  energy  loss  on  impact  is  0.0064  J (16%) 

At  580°C  the  energy  loss  on  impact  is  0.011  J (27%)  indicating  that  the 
presence  of  observable  indentations  increases  the  kinetic  energy  loss  by 
about  11%.  Larger  indentations  result  in  greater  losses. 
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Figure  13  Indentations  Observed  at  50ms-1  ond  Various  Temperatures 
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Spheres  Impacting  Glass  Plates  at  50  ms-1 
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3.  Impact  damage  at  high  temperatures  and  various  velocities 

Scanning  electron  micrographs  of  specimens  impacted  at  various 
velocities  and  relatively  high  temperatures  are  presented  in  Figure  15 
The  photographs  show  increasing  damage  with  increasing  impact  velocity 
as  expected.  The  details  of  these  observations  are  discussed  in  the 
following  paragraphs. 

The  indentations  are  rather  shallow  as  might  be  expected  because 
the  contact  radii  are  so  much  smaller  than  the  sphere  radii  In  one 
case  (Specimen  121,  V - 73.3  ms  \ T - 700°C)  the  profiles  of  the  inden- 
tation were  determined  at  various  distances  from  the  center  of  the 
indentation  using  a profile  measuring  device-  The  results  obtained  for 
a profile  near  the  center  are  illustrated  in  Figure  16,  The  vertical 
scale  is  43  times  the  horizontal  scale  so  that  the  indentation  appears 
to  be  much  deeper  that  it  actually  is.  The  profile  shows  that  there  is 
at  least  one  circumferential  crack  in  the  indentation.  There  is  a definite 
rim  formed  by  material  pushed  up  by  the  impact.  The  rim  is  raised  about 
5 pm  above  the  surrounding  undisturbed  material.  The  rim  contains  approx- 
imately three  circumferential  cracks,  at  least  at  the  location  of  this 
particular  contour.  The  indentation  is  about  20  ym  deep  including  the 
rim  and  is  about  800  ym  in  diameter. 

There  is  a strong  increase  in  the  number  of  radial  cracks  with 
increasing  impact  velocity  and  temperature  One  might  expect  the  number 
of  these  cracks  to  be  proportional  to  the  total  strain  at  the  periphery  of 
the  indentation.  Taking  the  circumference  as  proportional  to  the  radius  of 
the  indentation  (a)  and  assuming  that  the  stress  varies  as  the  velocity  (V) 
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to  the  6/5  power  as  it  does  for  elastic  impacts,  the  number  of  radial 
cracks  was  plotted  versus  aV^"*  in  Figure  17  The  essentially  straight 
line  is  consistent  with  the  above-stated  expectation. 

Attempts  were  made  to  correlate  the  radial  crack  lengths  with  various 
parameters  reflecting  the  impact  conditions  The  variations  in  the  radial 
crack  lengths  at  individual  impact  sites  and  among  the  impact  sites  make 
it  very  difficult  to  decide  which  particular  features  are  most  significant 
Therefore,  we  have  not  attempted  to  report  these  results 

Circumferential  cracks  were  observed  surrounding  the  impact  sites 
These  cracks  appear  to  be  somewhat  similar  to  the  ring  cracks  formed  at 
room  temperature  during  static  loading-  The  photograph  of  specimen  176 
impacted  at  700°C  and  50  ms  ^ shows  one  or  two  of  these  circumferential 
cracks  outside  the  indentation.  With  increasing  velocity  and  temperature, 
the  number  of  these  cracks  increases  strongly  The  locations  of  the  cracks 
relative  to  the  rim  of  the  indentation  also  vary  with  temperature  and 
velocity.  In  specimen  176,  the  first  circumferential  crack  was  formed 
just  inside  the  rim;  those  last  formed  being  on  or  just  outside  the  rim 
At  higher  velocities  and  temperatures  a larger  fraction  of  these  cracks  are 
inside  the  rim.  It  is  interesting  that  the  radius  from  the  impact  point  to 
the  first  of  these  concentric  cracks  formed  is  practically  constant  for  the 
conditions  shown  in  Figure  15  except  at  the  highest  temperatures  and  veloci- 
ties. This  observation  may  indicate  that  these  cracks  tend  to  form  at  the 
same  stress  even  though  the  impact  conditions  vary.  The  concentric  cracks 
nearest  the  impact  point  appear  to  be  short  segments  of  cracks  that  have 
failed  to  link  up.  This  observation  may  indicate  that  there  is  a high 
density  of  surface  flaws,  either  preexisting  or  formed  during  the  impact 
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Figure  17  aV6/5vs.  Number  of  Radial  Cracks 
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The  sub-surface  damage  is  illustrated  in  Figure  18  for  specimens 
impacted  at  high  temperatures  and  relatively  low  velocities  Photographs 
of  these  specimens  were  chosen  because  the  damage  is  less  complex  than  in 
many  otheT  cases  The  photograph  of  specimen  nc  71  (740  C,  51  ms  is 

oriented  so  that  light  is  reflected  from  three  radial  cracks  rather  than 
being  transmitted  through  them  to  the  camera  Therefore,  these  cracks 
appear  dark.  The  contours  are  well  defined,  extending  from  the  surface 
and  ending  at  smooth  curves.  There  is  no  indication  of  radial  crack 
formation  under  the  indentation.  Therefore,  these  cracks  do  not  form 
originally  as  median  vent  cracks  and  then  extend  to  the  surface 

Specimen  53  (770°C,  57  ms  S shows  similar  radial  crack  formation 
The  interesting  feature  in  this  photograph  is  the  Hertz  cone  crack  which 
shows  that,  even  in  materials  that  deform  rather  readily  (n  10^  poise), 
cone  cracks  still  form 

The  tips  of  the  radial  cracks  formed  at  high  temperatures  were 
examined  in  detail  and  were  found  to  be  close  to  elliptical  as  illustrated 
in  Figure  19.  The  radii  of  the  tips  of  cracks,  formed  at  various  tempera- 
tures and  velocities  were  measured  and  are  reported  in  Table  1 The  radii 
increase  strongly  with  increasing  temperature. 

In  some  cases  sharp  cracks  form  which  extend  beyond  the  elliptical 
crack  tips  as  shown  in  Figure  20  Formation  of  these  cracks  is  puzzling. 

It  may  be  that  these  cracks  form  under  the  influence  of  residual  stresses 
after  cooling  to  room  temperature  but  the  process  by  which  these  cracks  form 
has  not  yet  been  observed  Strong  birefringence  was  not  observed  at  the 
crack  tips. 
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Table  I.  Radial  erack  tip 

radii. 

Temperature  ®C 

700 

720 

740 

770 

Velocity  ms  ^ 

Crack  Tip 

Radius  urn 

MOO 

— 

— 

0.35- 

-0.5 



■v  75 

— 

— 

0,3 

0 5-0  55 

v 50 

% 0,1 

0-25 

0,35 

0-6 

At  high  temperatures 

and  impact 

velocities , 

unusually 

large 

lateral 

vent  cracks  were  observed  as  shown  in  Figure  21  Lateral  vent  cracks  are 
believed  to  have  an  important  role  in  material  removal,  for  example,  in 
grinding  or  sand  blasting-  Therefore,  further  investigation  of  conditions 
favorable  to  lateral  vent  crack  formation  might  yield  more  efficient  material 
removal  processes. 


IV,  SUMMARY  AND  CONCLUSIONS 

Localized  impact  damage  in  glass  was  investigated  at  temperatures 
from  room  temperature  to  770°C  and  at  velocities  up  to  138  ms  Several 
different  types  of  impact  damage  were  observed-  In  this  section  the  varia- 
tion of  each  type  of  damage  with  temperature  and  velocity  will  be  described 
and  compared. 

It  appears  that  a distinction  should  be  made  between  indentations 


occurring  at  relatively  low  temperatures  in  the  absence  of  viscous  flow 
and  indentations  formed  at  relatively  high  temperatures  (580°C  and  higher) 
as  a result  of  viscous  flow.  At  low  temperatures  the  indentations  are  a 
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Figure  20  Sharp  Crack  Extending  from  Elliptical 
Crock  Tip  (80X) 


Figure  21  Lateral  Vent  Crack  Formed  at  High 
Temperature  ( 1 1 X ) 
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secondary  type  of  damage  forming  as  a result  of  release  of  elastic  stresses 
by  other  types  of  damage  such  as  Hertz  cracks,  radial  cracks,  lateral  vent 
cracks  and  crushing  At  high  temperatures  at  which  indentations  form  as 
a result  of  viscous  flow,  the  indentations  are  a primary  type  of  damage 
The  diameters  of  these  indentations  increase  with  increasing  impact 
velocity  and  temperature,  as  expected 

Hertz  cracks  form  at  impact  sites  both  at  low  temperatures  at  which 
the  response  of  the  target  is  primarily  elastic  and  at  high  temperatures 
(>525°C)  at  which  the  response  is  at  least  partly  a result  of  viscous 
flow  Therefore,  it  is  incorrect,  for  impacts  of  glass  plates  by  glass 
spheres,  to  regard  the  damage  mechanisms  for  cases  in  which  indentation 
occurs  as  being  completely  different  from  those  in  which  no  indentation 
occurs.  Viscous  flow  is  a time  consuming  process  In  the  initial  stages 
of  impact  the  stress  distributions  may  resemble  those  present  during  elastic 
impacts  with  radial  tensile  stresses  and  tangential  compressive  stresses 
Hertz  cracks  may  form  during  this  stage  Later,  as  the  Indentation  becomes 
deeper  the  tangential  stresses  may  change  sign  leading  to  radial  crack 
formation. 

The  number  of  radial  cracks  appears  to  be  proportional  to  the  total 
strain  at  the  boundary  of  the  Indentation,  as  might  be  expected  The  lengths 
of  the  radial  cracks  increase  with  increasing  impact  velocity  but  the  data 
were  not  sufficient  to  determine  the  exact  relationship  between  these 
variables . 

The  lateral  vent  cracks  were  formed  after  the  radial  cracks  as 
indicated  by  the  tendency  to  chip  between  the  radial  cracks.  Enhanced 
lateral  vent  crack  formation  was  observed  at  some  elevated  temperature 
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conditions.  This  observation  might  be  of  value  for  enhancing  material 
removal  rates  during  grinding  or  sand  blasting 

The  coefficients  of  restitution  of  impacts  at  room  temperature 
decrease  only  slightly  with  increasing  impact  velocity  At  intermediate 
temperatures,  below  those  at  which  viscous  flow  results  in  indentations, 
the  decrease  in  coefficient  of  restitution  with  increasing  impact  velocity 
is  very  great  because  of  substantial  crushing  at  the  impact  site  By 
contrast,  at  high  temperatures  indentation  occurs  at  all  velocities  and  the 
coefficient  of  restitution  is  never  high 

The  energy  losses  occurring  during  impact  are  determined  by  the  change 
in  velocity  of  the  incoming  and  rebounding  sphere  and  can  be  estimated  by 
multiplying  the  mass  of  the  sphere  times  the  difference  of  the  squares  of 
these  velocities.  At  room  temperature  the  energy  loss  appears  to  increase 
linearly  with  the  kinetic  energy  of  the  impacting  sphere  up  to  velocities 
at  which  radial  cracks  form  (70  ms  At  higher  velocities,  the  energy 

losses  increase  at  greater  than  the  linear  rate 
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APPENDIX  A 

LOCALIZED  DAMAGE  FROM  NOMINALLY  SIMILAR  IMPACTS  ON  GLASS 
Introduction 

This  research  is  an  extension  of  earlier  research  in  which  pene- 
tration of  surface  damage  caused  by  impacts  of  glass  spheres  on  biaxially 
stressed  glass  plates  was  investigated^.  Substantial  variations  in 
damage  penetration  and  other  characteristics  for  apparently  similar 
impacts  were  observed.  There  was  an  obvious  need  to  determine  whether 
the  variations  arose  as  a result  of  variations  in  test  procedures,  varia- 
tions in  the  specimens,  or  variations  in  the  conditions  surrounding  the 
impact  site.  Therefore,  variations  of  impact  damage  characteristics 
in  a number  of  specimens  subjected  to  similar  impact  conditions  were 
investigated. 

Procedures,  Results  and  Discussion 

The  impact  conditions  chosen  were  conditions  thought  to  be  near 

the  threshold  at  which  impact  damage  occurs.  The  glass  plates  (79. A mm 

diam  x 6.35  mm  thick)  were  subjected  to  a biaxial  compressive  surface 
-2 

stress  of  43  MNm  by  stressing  them  in  flexure  between  two  coaxial 
cylinders  with  radii  of  15.5  and  33  mm.  The  plates  were  impacted  by  glass 
spheres,  3 mm  diam,  at  a velocity  of  52  ms  ^ . 

Forty  specimens  were  tested  with  the  following  results. 
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No  surface  damage 

Hertz  cone  crack  formation 

Failure  during  loading 
(no  impact) 

Sphere  fractured  on  impact 


17  specimens 
17  specimens 
4 specimens 

2 specimens 


Total 


40  specimens 


Thus,  the  selected  conditions  were,  in  fact,  near  the  threshold  for  Hertz 
crack  formation  and  about  half  of  the  impacts  resulted  in  Hertz  crack 
formation. 

The  Hertz  cracks  were  variable  in  appearance.  The  most  striking 
feature  was  the  crack  branching  in  the  surface  which  occurred  in  every 
case.  The  clearest  example  is  illustrated  in  Figure  1A.  In  at  least 
four  cases  cracks  formed  which  arrested  leaving  partial  Hertz  cracks. 

Completed  cracks  formed  at  larger  radii  in  each  of  these  cases.  These 
features  are  illustrated  in  Figure  IB. 

Frequently,  the  impact  site  is  surrounded  by  an  irregularly  shaped 
crack  as  illustrated  by  the  outer  boundary  in  Figure  2A.  This  outer 
boundary  is  the  intersection  of  a crack  extending  from  the  "ring’1  crack 
and  partly  down  the  cone,  with  the  surface.  In  some  cases  the  glass  m 
this  space  between  the  cone  crack  and  the  surface  pops  out  during  the 
impact.  Radial  cracks  sometimes  form  in  the  glass  in  this  space  as  shown 
in  Figure  2B.  The  radial  cracks  appear  to  decrease  the  radius  to  the  outer 
boundary. 

The  observed  variability  is  not  mainly  the  result  of  variations  in 
sphere  velocity.  Ballistic  pendulum  tests  at  the  particular  chamber  pressure 
yielded  velocities  ranging  from  51  to  53  ms  *.  Furthermore,  the  contact  radii 
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A.  Unsymmetricol  Crock  Intersection  with  Surface 


B.  Radiol  Cracks 


Figure  2 Intersections  of  Cracks  with  Surface  (42. 5X) 
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(a  ) were  remarkably  uniform  averaging  0.391  mm  with  a standard  deviation 
max 

of  0.0045  for  the  specimens  forming  Hertz  cracks  and  0.389  mm  with  a 
standard  deviation  of  0.018  for  specimens  not  forming  Hertz*  cracks.  There- 
fore, It  seems  reasonable  to  conclude  that  most  of  the  observed  variability 
resulted  from  variations  In  size,  orientation  and  distribution  of  the  surface 
flaws . 

The  Hertz  crack  radii  (r*),  crack  depths  (L)  and  cone  angles  (a)  of 

the  specimens  forming  Hertz  cracks  are  given  in  Table  1.  In  each  case  two 

values  of  r*  were  measured,  r*  measured  to  the  innermost  damage  and 

min 

r*  measured  to  the  outermost  damage.  Small  Hertz  crack  radii  appear  tc 
max 

be  associated  with  small  crack  depths  but  at  large  radii,  the  crack  depths 
were  extremely  variable. 

Further  analysis  is  handicapped  by  the  fact  that  in  these  impact 
tests  there  is  no  direct  evidence  of  the  value  of  (a)  when  the  fracture 


originates.  In  static  tests  the  values  of  r*/a  range  from  one  to  two  becoming 

(2) 

closer  to  one  with  increasing  indenter  radius  . In  order  to  use  the  elastic 


theory  to  estimate  the  stresses  at  which  the  cracks  form,  it  is  necessary 

to  assume  values  of  r*/a.  Based  on  the  fact  that  the  cracks  extend  to 

about  r*  / a values  of  1.36,  it  is  reasonable  to  consider  this  as  a maximum 

max  max 

value.  On  the  other  hand,  values  of  r*  /a  less  than  one  were  observed 

max  max 

in  two  cases.  It  is  not  at  all  obvious  why  these  particular  cracks  did  not 
continue  to  propagate.  In  any  case,  based  on  this  evidence  it  was  decided 


to  calculate  fracture  stresses  assuming  r*/a  = 1.2  when  fracture  originated. 


The  equation  used  to  calculate  the  radial  stress  (°-q)  was 
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in  which  P is  the  impact  force  given  by  Equation  (1)  of  Section  II.  The 

calculated  fracture  stress  for  the  fracture  originating  at  the  smallest 

-2 

value  of  (a)  (specimen  12)  was  275  MNm  . For  specimen  31  the  calculated 

-2 

fracture  stress  was  441  MNm  . A method  for  experimentally  estimating  the 
fracture  stresses  of  Hertz  cracks  using  the  radius  at  crack  branching  is 
described  in  Appendix  B.  This  method  was  used  to  estimate  the  fracture 

stress  of  specimen  31.  The  radius  at  crack  branching  was  approximately 

-2 

47  pm  yielding  a fracture  stress  of  365  MNm  . To  be  comparable  with  the 

-2 

previous  calculation,  the  applied  flexural  stress  of  43  MNm  must  be 

-2 

added  to  the  value  yielding  408  MNm  . In  view  of  the  assumptions  and 

uncertainties  in  the  methods,  the  agreement  between  the  calculated  and 

-2 

experimental  values,  441  and  408  MNm  respectively,  is  remarkable.  Using 

(4) 

the  method  of  Krohn  and  Hasselman  the  flaw  size  necessary  to  cause 

crack  branching  at  a particular  radius  is  l/10th  the  radius  yielding  an 

estimated  flaw  size  of  4.7  pm.  It  should  be  noted  that  this  estimate 

assumes  that  the  flaw  is  oriented  perpendicular  to  the  radial  stress. 

This  flaw  size  can  be  compared  with  flaw  sizes  of  about  30  pm  observed 

by  Langitan  and  Lawn  ^ ^ for  glass  abraded  by  No.  240  SiC  powder.  The 

calcualted  fracture  stress  for  the  specimen  with  the  largest  r*  . 

min 

(specimen  21)  was  588  MNm  ^ . 

Assuming  that  fracture  stress  varies  inversely  as  the  square  root 

of  the  flaw  size  and  that  the  above  estimate  of  4.7  pm  is  correct  for 

-2 

the  flaw  size  of  a specimen  fracturing  at  441  MNm  , the  range  of  flaw 
size  necessary  to  account  for  this  range  of  fracture  stresses  is  2.6  to 


12  pm. 


V 
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Conclusions 

In  40  uniformly  abraded  specimens  subjected  to  similar  impacts  near 

the  threshold  for  Hertz  crack  formation,  substantial  variations  in  impact 

damage  were  observed  Hertz  cracks  were  formed  in  about  half  of  the 

specimens  and  ranged  in  depth  from  70-650  pm  The  variabilities  of  the 

impact  velocity  and  contact  radii  were  small  Therefore,  the  variability 

in  the  damage  is  attributable  to  variations  in  the  size,  orientation  and 

distribution  of  the  surface  flaws,  despite  the  efforts  made  to  obtain 

a dense,  uniform  distribution  of  flaws 

In  a particular  case  the  fracture  stress,  for  Hertz  crack  formation, 

was  calculated  from  the  radius  at  branching  of  the  ring  cr  .k  This 

-2 

fracture  stress,  408  MNm  , was  close  to  the  stress  expected  at  the 
fracture  origin  as  calculated  from  the  Hertzian  stress  distribution 
The  flaw  size  at  the  origin  of  the  Hertz  crack  was  calculated  using  the 

(4) 

method  of  Krohn  and  Hasselman  and  found  to  be  4 7 pm 
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APPENDIX  B 

BRANCHING  OF  HERTZ  CRACKS 
H.  P.  Kirchner  and  R.  M.  Gruver' 

Introduction 

Impact  by  blunt,  for  example  spherical,  objects  may  cause  Hertz 

cone  crack  formation  in  brittle  materials  (Figure  1).  The  cone  cracks 

are  similar  in  some  respects  to  those  formed  by  "static"  indentations''' 

but  there  are  significant  differences.  For  example,  the  relative  absence 

of  sub-critical  crack  growth  during  impact  leads  to  fractures  at  higher 

stresses  and  the  expectation  that  crack  branching  will  have  a larger 

role  in  the  fracture  process.  Crack  branching  of  Hertz  cracks  in  the 

impact  surface  is  described  in  this  paper.  Branching  of  the  main  cone 

(2) 

crack  was  reported  previously 

Procedures,  Results  and  Discussion 

Soda-lime  glass  plates  (6.35  mm  thick  and  79  mm  diam)  were  lightly 
abraded,  stressed  biaxially  in  flexure  between  concentric  cylinders 
(diameters  15.3  and  33  mm)  and  impacted  at  various  velocities  on  either 
the  compressive  or  tensile  surfaces  by  glass  spheres  (1.5  mm  radius). 

The  biaxial  stresses  were  low  relative  to  the  impact  stresses  and  were 
applied  as  part  of  a study  of  the  effect  of  stress  on  penetration  of 

(2) 

surface  damage  and  remaining  strength  which  has  been  reported  separately'  . 
These  stresses  are  not  considered  further  in  this  paper.  For  most  of 
the  present  specimens,  conditions  were  chosen  so  that  a minimum  amount 


Ceramic  Finishing  Company,  State  College,  Pennsylvania,  U.S.A. 


Figure  5 Hackle  on  the  Surface  Figure  6 Side  View  of  Hertz  Cone 
of  the  Cone  Crock 
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of  surface  damage  was  observed  This  was  done  in  order  to  have  the 
simplest  features  available  for  characterization  and  analysis  Before 
impact,  the  impact  surfaces  were  coated  with  a thin  layer  of  soot.  After 
impact  the  contact  radius  (r  ) was  measured  from  the  impression  in  the 
soot.  Then,  the  soot  was  removed  and  the  Hertz  crack  radius  (r*)  was 
measured  The  fracture  surfaces  were  characterized  by  optical  and  scanning 
electron  microscopy  Etching  with  hydrofluoric  acid  was  used  to  bring  out 
the  fracture  features 

Usually,  Hertz  cracks  at  surfaces  have  been  described  as  a single 
circular  crack  or  as  concentric  cracks  The  crack  patterns  observed  in 
the  present  investigation  were  much  mere  complex  and  variable  than  would 
have  been  expected  based  upon  these  previous  descriptions-  The  surfaces, 
prior  to  etching,  show  cracks  with  very  ragged  appearances.  Etching 
reveals  that  the  underlying  cracks  have  much  smoother  contours  (Figures 
2-4).  Apparently,  at  some  stage  during  the  impact  cycle  the  forces  trans- 
mitted across  the  cracks  cause  extensive  formation  of  thin  chips.  Etching 
removes  these  chips  revealing  the  underlying  smooth  curves. 

The  Hertz  cracks  may  be  partial  cracks  (Figure  2),  completed  cracks 
(Figure  3)  or  spirals  (Figure  4).  In  Figure  2,  the  fracture  origin  is  at 
the  narrow  portion  of  the  crack  pattern  at  the  top  of  the  photo  This 
fact  has  been  confirmed  For  example,  hackle  are  observed  in  the  surfaces 
of  the  cone  cracks  as  shown  in  Figure  5 The  fracture  origins  are  located 
at  the  intersections  of  the  hackle  Figure  2 also  shows  extensive  crack 
branching.  Figure  3 illustrates  a just  completed  Hertz  crack  with  the 
fracture  origin  at  the  top  of  the  photo  and  extensive  crack  branching  In 
this  case,  the  width  of  the  crack  (r*)»  measured  horizontally  across  the 
surface,  is  much  greater  than  the  height.  This  observation  suggests  that 
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the  portion  of  the  crack  shown  in  the  top  half  of  the  photo  formed  during 

the  first  half  of  the  impact  cycle  as  the  circle  of  maximum  tensile 

(radial)  stress  expanded,  and  the  lower  half  formed  during  the  second 

half  of  the  impact  cycle  as  it  contracted . In  some  cases,  one  side  of 

the  Hertz  crack  arrests  while  the  otner  side  continues  to  propagate - 

In  these  cases,  spirals  are  formed  as  indicated  in  Figure  4,  The  outer 

portion  of  these  spirals  always  appears  to  be  a complex  mass  of  cracks 

Apparently,  crack  branching  occurs  during  the  first  half  of  the  cycle 

and  continues  during  the  contraction  of  the  circle  of  maximum  stress 

leading  to  the  thick  outer  ring  of  cracks 

Confirmation  of  the  normal  sequence  of  fracture  features  is  shown 

in  Figure  6 which  is  a side  view  of  the  Hertz  cone  in  which  the  fracture 

origin,  mirror,  mist  and  hackle  are  indicated 

For  a particular  material  and  set  of  test  conditions,  crack 

branching  occurs  at  a constant  value  of  stress  intensity  factor  (K  ) as 

(3) 

expressed  by  the  following  relation 

s • Vf  V'2  (i> 

in  which  o,  is  the  fracture  stress,  aD  is  the  crack  radius  at  crack 
t B 

branching  and  Y is  the  geometrical  factor  appropriate  for  the  crack  at 
B 

branching.  In  the  present  work,  the  mirror  is  considered  to  include  the 

mist  so  that  the  fracture  mirror  radius  and  a„  are  equivalent  K has 

B B 

been  determined  in  tension  and  in  flexure  for  numerous  ceramics  and  glasses 

(3-7) 

and  several  applications  of  this  information  have  been  demonstrated 
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A strong  correlation  between  and  Young's  modulus  (E)  was  observed^ 

and  used  to  suggest  a strain  intensity  criterion  for  crack  branching 

(8 ) 

which  permits  prediction  of  for  various  materials^ 

Hertz  cracks  originate  at  or  very  near  the  surface  where  the 
flaws  are  subjected  to  biaxial  stresses  The  radial  stress  (a.^)  is 

jlj 

tensile  and  ideally  at  the  contact  radius  has  a magnitude  of  0.261 
times  the  average  pressure  (pq)  at  the  impact  site.  For  ideal  elastic 
impact  the  tangential  stress  is  compressive  at  the  surface.  However,  as 

(9) 

shown  by  Evans  et  al  , inelastic  deformation  at  the  impact  site  changes 
the  tangential  stress  to  tensile 

The  radii  at  crack  branching  and  Equation  1 can  be  used  to  esti- 
mate the  stresses  at  which  the  Hertz  cracks  form  To  do  this  it  is 
necessary  to  assume  that  the  crack  branching  is  adequately  treated  by 
considering  only  the  principal  tensile  stress  Further,  it  is  necessary 
to  choose  an  appropriate  geometrical  factor  Y The  portion  of  the  Hertz 

D 

crack  nearest  the  surface  extends  about  50  um  into  the  specimen  before 
flaring  out  to  form  the  main  cone.  As  long  as  the  flaw  size  and  the 
radius  at  crack  branching  are  small  relative  to  the  depth  of  this  por- 
tion of  the  crack  and  the  contact  diameter,  it  seems  best  to  cn; tslder 
that  the  present  case  is  approximated  by  a surface  flaw  loaded  in 
tension,  in  which  case  Y should  be  1 12  Hcwever,  near  the  surface  the 

D 

Hertz  crack  is  not  quite  perpendicular  to  the  surface.  The  effect  of 
this  inclination  to  the  surface  has  not  yet  been  Investigated. 

'"'Assuming  Poisson's  ratio  of  the  glass  is  0 239 
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Two  methods  are  available  for  measuring  the  crack  radius  at  crack 
branching.  One  can  locate  the  fracture  origin  in  the  impact  surface  as 
indicated  in  Figure  3 and  measure  the  distance  from  the  fracture  origin 
to  the  first  branch  Alternatively,  one  can  project  the  hackle  on  both 
sides  of  the  mirror  to  the  surface  as  in  Figure  6 Presumably,  the 
fracture  origin  is  located  midway  between  the  intersections  of  the 
hackle  with  the  surface  A possible  flaw,  approximately  at  this  loca- 
tion, is  indicated  in  the  figure  The  radius  at  crack  branching  (a„)  is 

D 

one  half  of  the  distance  between  the  intersections  of  the  hackle  with 
the  surface.  There  are  numerous  complications  in  making  these  measure- 
ments. A particular  problem  is  that  chipping  frequently  occurs  near  the 
fracture  origin,  obscuring  needed  features 

K has  been  determined  for  soda-lime  and  similar  glasses  in  many 
B 

experiments^’"’’^'^  . A representative  value  for  soda  lime  glass  is 

1/2 

2.8  MPa  * m . Fracture  stresses  were  estimated  by  substituting  for  aD 

D 

and  Kg  in  Equation  (1)  with  the  results  shown  in  Table  I The  estimated 
stresses  ranged  from  228  to  559  MPa  Values  of  the  ideal  elastic  stresses 
at  the  contact  radius  were  calculated  using^11^ 


. . a - 

J11  0 2 
2rr 


in  which  v is  Poisson's  ratio  and  the  load  P is  given  by 


(3) 
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in  which  E^  is  the  Young's  modulus  of  the  glass  plates  (6  9 x 10^  Pa), 

C is  a factor  taking  account  of  the  elastic  properties  of  the  projectile 
and  target  with  a value  of  1.06.  The  calculations  using  Equation  2 were 
based  on  the  assumption  that  the  fracture  initiated  when  r = r*/l  2 
Therefore,  these  stresses  were  divided  by  1 44  to  estimate  the  magnitude 
of  at  r*.  This  adjustment  is  based  on  the  assumption  that  these 
stresses  vary  inversely  as  the  square  of  the  radius  These  results  are 
also  included  in  Table  1, 

The  strengths  of  specimens  that  were  not  impacted  were  measured 
and  averaged  91  MPa.  Therefore,  the  fracture  stresses  at  which  the 
Hertz  cracks  form  are  several  times  the  strength  of  the  original  material 
These  higher  stresses  reflect  the  fact  that  the  stresses  decrease  rapidly 
with  depth  thus  decreasing  the  stress  intensity,  the  impacts  do  not 
usually  occur  near  a severe  flaw  and  there  is  less  sub-critical  crack 
growth  under  impact  conditions. 

The  flaw  sizes  can  be  estimated  using  the  method  suggested  by 
(13) 

Krohn  and  Hasselman  who,  assuming  semi-circular  surface  flaws, 
calculated  a mirror  radius-flaw  size  ratio  of  10  Flaw  sizes  calculated 
using  this  ratio  are  included  in  Table  I 

Concluaions 

Detailed  observations  of  Hertz  cracks  formed  on  surfaces  by  Impacts 
of  glass  spheres  on  glass  plates  have  shown  that  the  shapes  of  the  cracks 
are  very  complex  and  include  partial,  complete  and  spiral  cracks  Crack 
branching  is  common  and  is  clearly  revealed  by  etching  of  the  surfaces 
with  hydrofluoric  acid  The  fracture  stresses  at  which  the  Hertz  cracks 
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form  were  estimated  from  measurements  of  the  radii  at  crack  branching 


To  do  this  it  was  necessary  to  assume  that  the  radial  tensile  stresses 
controlled  the  fracture  process  The  estimated  fracture  stresses 
ranged  from  228-559  MPa,  sometimes  less  than  the  calculated  radial 
stresses  but  substantially  greater  than  the  measured  strengths  of  the 
glass  plates  Improvements  in  the  method,  especially  to  take  account 
of  the  angle  at  which  the  crack  is  inclined  to  the  surface,  can  be 
expected  to  yield  improved  results  The  present  results  show  that 
fractographic  examinations  of  localized  impact  damage  caused  by  blunt 
objects  can  aid  in  understanding  the  mechanisms  by  which  the  damage 
occurs . 
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